A filamentous, soil-dwelling cyanobacterial strain (9C-PS T ) was isolated from Mandsaur, Madhya Pradesh, India, and is described as a new species of the genus Nostoc. Extensive morphological and molecular characterization along with a thorough assessment of ecology was performed. The style of filament orientation, type and nature of the sheath (e.g. distribution and visibility across the trichome), and vegetative and heterocyte cell dimensions and shape were assessed for over one year using both the laboratory grown culture and the naturally occurring samples. Sequencing of the 16S rRNA gene showed 94 % similarity with Nostoc piscinale CENA21 while analyses of the secondary structures of the 16S-23S ITS region showed unique folding patterns that differentiated this strain from other species of Nostoc. The level of rbcl and rpoC1 gene sequence similarity was 91 and 94 % to Nostoc sp. PCC 7524 and Nostoc piscinale CENA21, respectively, while the nifD gene sequence similarity was found to be 99 % with Nostoc piscinale CENA21. The phenotypic, ecological, genetic and phylogenetic observations indicate that the strain 9C-PS T represents a novel species of the genus Nostoc with the name proposed being Nostoc thermotolerans sp. nov. according to the International Code of Nomenclature for Algae, Fungi, and Plants.
INTRODUCTION
Cyanobacteria represent one of the oldest forms of life on Earth. They are Gram-negative photoautotrophs whose classification has been plagued by incoherence between the phenotypic and genotypic characters. Phylogenetic schemes based on the 16S rRNA gene have been widely used for generic definitions in the cyanobacteria [1] [2] [3] . However, there have recently been efforts to include additional data sets in a total evidence approach, such as usage of morphological, ecological and molecular parameters [3] [4] [5] [6] [7] . The Nostocales, a monophyletic lineage whose members are capable of producing specialized cells (e.g. heterocytes and akinetes), has seen extensive revision of family-level relationships (for a review see [8] ).
The commonly encountered, primarily soil-dwelling genus Nostoc has traditionally been assigned to the heterocytous clade of subsection IV [9] , a lineage shown to be poorly resolved with robust genetic data [6, 7, [10] [11] [12] [13] [14] [15] . Nostoc is a polyphyletic lineage, from which new taxa are being spilt (e.g. Halotia, Mojavia and Desmonostoc). In addition, the high level of genetic diversity within Nostoc sensu stricto may indicate a good chance of finding new taxa from this genus. Nostoc is also an old genus whose first description dates back to the late 19th century (type species: Nostoc commune) [16] . To date, approximately 300 species of Nostoc have been described and recently it has been postulated that many of these species may warrant further investigation and revisions [17] . The genus as a whole exhibits vast genetic and ecological diversity [18] [19] [20] [21] [22] [23] [24] . Nostoc also possesses a complex life history, so it is essential to study cultures for extended periods, comparing laboratory-grown cultures with naturally occurring samples [25] . This makes Nostoc a challenging genus whose taxonomy relies equally on morphological acumen and molecular characterization.
The newly isolated strain 9C-PS T has been studied using both morphological and molecular methods, along with thorough characterization of the habitat and the ecology of the sampling site. The work described essentially supports the conclusions of Kom arek et al. [8] that numerous novel species of Nostoc may exist.
METHODS

Sampling and culturing
The soil-dwelling strain 9C-PS T was collected from Mandsaur, Madhya Pradesh, India, in May 2015. The physicochemical characteristics of the habitat and sampling area were measured at the time of collection, including temperature, humidity, pH and light intensity. Uncultured, naturally occurring specimens were studied through microscopy for morphological characteristics, the presence/absence of other inherent microflora, the overall level of purity of the sample and the presence/absence of other cyanobacteria. Thereafter, pure colonies were isolated on sterilized Petri dishes by the spread plate technique on 1.2 % BG11 o agar plates. After 20 days of growth, one colony was picked up, washed three times with deionized water and transferred to fresh liquid medium to establish axenicity of the culture (this liquid-solid subculturing was repeated three times as well as plating aliquots on Luria-Bertani medium). The strain was then grown in 200 ml basal medium (BG11 o medium) [9] in cotton-stoppered, 500 ml Erlenmeyer flasks, adjusted to pH 7.2 and maintained in a culture room under ca. 50-55 µE m -2 s -1 light with a photoperiod of 14 : 10 h light/dark at 28±2 C. The culture was shaken twice a day. The initial identification was done using the keys of Desikachary [26] with the revisions of Kom arek [17] . Long-term culturing of the strain was performed with care being taken to document the colony characteristics and morphology of the strain.
Phenotypic analysis
Strain 9C-PS T was observed with a Nikon YS100 microscope. Microphotographs of the cyanobacteria were taken on an Olympus BX53 fitted with a ProgRes C5 camera (Jenoptik). Detailed morphological characterization of the natural sample and laboratory-grown culture was performed to document any changes over 10 months. The morphology of apical cells, general cell shape, size, orientation and other features of vegetative filaments, vegetative cells, and heterocytes [e.g. terminal (TH), intercalary (IH) or terminal vegetative cells (VT)], routine vegetative cells (V), vegetative cells near to intercalary heterocytes (VIH) and vegetative cells near to terminal heterocytes (VTH) were visualized based on 50-100 measurements using differential interference contrast (DIC) microscopy.
Molecular analysis
DNA was isolated from 12-to 14-day-old log phase culture using a Himedia Ultrasensitive Spin Purification Kit (MB505) with some modifications being done in the lysis step in which incubation time was increased. Amplification of the 16S rRNA and nifD genes was done according to Singh et al. [27] while the rbcl gene was amplified as per Singh et al. [12] . Amplification of the rpoC1 gene was performed as per Glowacka et al. [28] .
Sequence analyses
Sequencing of the amplified products was carried out by the Sanger method on a 3730xl automated sequencer (Applied Biosystems). For the 16S rRNA gene, a clean 1476 bp sequence was generated and the similarity search was piloted using the 'Identify' option of the Eztaxon database (www.eztaxon.org, [29] ) with only validated cyanobacterial strains. Appropriate sequences from NCBI were also selected for the phylogenetic analysis using the 16S rRNA gene. For the rbcl, nifD and rpoC1 genes, the sequences obtained were analysed using the NCBI web services with the BLASTN (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) tool and submitted to the NCBI database using the tool BankIt. The sequences were annotated for the coding regions using the NCBI ORF Finder (www.ncbi. nlm.nih.gov/projects/gorf/).
Phylogenetic analysis
Multiple sequence alignment was performed using CLUSTAL X, version 1.81 [30] . With an aim to obtain unambiguous data, the alignment was manually edited using DAMBE [31] . All phylogenetic analyses were done using the software package MEGA version 5 [32] . Analyses for the 16S rRNA gene phylogeny were done using validly published sequences from the Eztaxon database [29] along with selecting good-quality sequences from NCBI. For the 16S-rRNAbased phylogeny, the suitable model of phylogeny with the lowest Bayesian information criterion (BIC) score was selected using MEGA 5 with the Kimura two-parameter model (K2+G+I). For the rbcl gene, maximum-likelihood with the Kimura two-parameter model (K2+G+I) was selected. Both the rpoC1 and the nifD genes were analysed using the K2+G model. It was assumed that the models with the lowest BIC scores describe the substitution pattern the best. Also, for each model, the Akaike information criterion, corrected value (AICc), maximum-likelihood value (lnL) and the number of parameters (including branch lengths) were also analysed. The non-uniformity of evolutionary rates among sites was adjusted to be modelled by using a discrete Gamma distribution (+G) with five rate categories and by assuming that a certain fraction of sites are evolutionarily invariable (+I). Bootstrap values were deduced based on 1000 replications [33] . To evaluate the robustness of the tree topology, clustering was performed using three different methods: neighbour-joining (NJ), maximum-likelihood (ML) and maximum-parsimony (MP) [33] [34] [35] [36] .
16S-23S secondary structure analysis
Secondary structures of the 16S-23S internal transcribed spacer (ITS) region were determined for closely related taxa present in the phylogenetic interpretations and further used for comparisons. These structures were transcribed and folded for all the relevant strains using the Mfold web server [37] . IP: 54.70.40.11
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RESULTS
Habitat analysis
Despite very dry summers, there was a little moisture in and around the mats. The surrounding areas were devoid of almost any kind of vegetation but the crevice did show some algal and lichen growth. Physico-chemical characteristics of the soil and sampling area were documented and onsite measurements of temperature, pH, electrical conductivity (EC) and humidity were made. The site was typically dry and had primarily four seasons. Extremely hot days with intense dust-laden winds in the afternoon were observed with temperature ranging from 43.20 C (day) to 29.25 C (night); humidity was as low as 32 %; soil pH was 7.34 indicating an alkaline soil; recorded EC was 1354 µS cm À1 . The nearest river flowing through the area was the Chambal River, which had a comparatively broad, flat and shallow valley while the other smaller tributaries were the Retam, Shivna and Chhoti Kali Sindh. We also observed residual hillocks of Vindhyan Formation rocks probably of Deccan Trap Basalt. A red loamy soil was typically observed that originated from Vindhyan Formation sandstones.
Morphological characterization
Samples were collected in May 2015 and observed routinely to document any life cycle patterns or changes, with assessment of morphology and colony characteristics for the naturally occurring sample and the laboratory-grown culture ( Fig. 1 ). For morphological assessments, the terminal heterocytes (TH), intercalary heterocytes (IH), terminal vegetative cells (VT), routine vegetative cells (V), vegetative cells near to intercalary heterocytes (VIH) and vegetative cells near to terminal heterocytes (VTH) were also measured ( Table 1 ). Furthermore, the single plane of division, type of sheath and its overall distribution and visibility across the trichome, and the dimensions and shape of vegetative cells and heterocytes were assessed over 12 months of culturing and sub-culturing.
Molecular evaluation
The level of 16S rRNA gene sequence similarity between strain 9C-PS T and Nostoc piscinale CENA21 was 91 %. In the case of the rbcl gene, the closest match was found to be 91 % with Nostoc sp. PCC 7524. The closest match for the rpoC1 gene sequence was found to be with Nostoc piscinale CENA21 with the pairwise similarity being 94 %. The highest nifD gene sequence similarity was 99 % with Nostoc piscinale CENA21. The 16S-23S ITS analysis for strain 9C-PS T and all the other closely related strains indicated that there was a difference in the folding patterns and even the sequences. The D1-D1¢ helix showed small differences in nucleotide sequences amongst all the strains. None of the sequences studied were found to have a BoxB or V3 helix (Fig. 2 ).
Phylogenetic assessment
Since the ML, NJ and MP trees yielded similar topologies, all three were mapped onto a single tree. The 16S rRNA gene tree indicated that strain 9C-PS T was different from the closely related strain Nostoc piscinale CENA21 (Fig. 3 ). In the rbcl gene-based tree, 9C-PS T was most closely related to Nostoc sp. PCC 7524 (Fig. 4 ). The nifD gene tree clearly placed strain 9C-PS T distant from the closely related strain Nostoc piscinale CENA21 with good bootstrap support ( Fig. 5 ). Finally, the rpoC1 gene-based tree also clearly placed strain 9C-PS T distant from the closely related strain Nostoc piscinale CENA21 (Fig. 6 ).
DISCUSSION
Cyanobacterial taxonomy has been greatly expanded over the last decade, with numerous revisions to genera and higher taxonomic units. The advent of faster and cheaper sequencing platforms has enabled a more complete assessment of taxonomy and systematics. Total evidence approaches integrating morphological and molecular data sets have facilitated revisionary endeavours leading to numerous new lineages [8] .
Nostoc is a widely distributed, well-known genus that is complex to work with due to its heterogeneity, vast biogeographical distribution and complicated life cycle [38, 39] . Therefore, studying Nostoc strains for long periods of time and documenting the changes in patterns of growth (if any) or colony morphology (if any) is important as this ensures that there exist no differences between the collected natural sample and laboratory-grown culture [17] . Morphological comparisons between natural populations and laboratory-grown cultures are essential for taxonomic studies of the genus Nostoc. Thus, it must be understood that Nostoc is an enigmatic and difficult genus for taxonomists as characterization of both wild samples and monocultures is needed and the final taxonomic status must be determined based on evidence from both samples and cultures [40] .
In this study, strain 9C-PS T showed phylogenetic similarities with the closely related strain Nostoc piscinale CENA21. However, strain 9C-PS T is morphologically unique.
Anabaena mucosa 1tu35s5 (AJ630425)
Anabaena affinis NIES40 (AF247591)
Anabaena cylindrica XP6B (AJ630414)
Anabaena oscillarioides BECID22 (AJ630426)
Anabaena planctonica 71 (AJ293108)
Trichormus variabilis HINDAK 2001/4 (AJ630456)
Trichormus variabilis GREIFSWALD (AJ630457) Desikachary [26] reported Nostoc piscinale as a separate species of Nostoc with a distinct sheath at the periphery of the thallus and vegetative cells that were longer than broad (up to nearly twice as long as broad), subspherical or oblong heterocytes and globose spores. It was also reported that this species was collected from the surface of soil. Interestingly, Elenkin [41] included this as a form of Nostoc linckia. Kom arek [17] also reported it under Nostoc linckia, describing it as usually freshwater-dwelling forms, having a sheath at the marginal parts only, cells being short-barrelshaped, having almost spherical heterocytes and sphericaloval akinetes. However, it was also noted that populations from distant areas, principally those having different ecology and morphology (e.g. Sant'Anna [42] from Brazil under Nostoc piscinale and Nostoc linckia var. arvense Tiwari et Pandey, 1976, from India) should be taxonomically revised. Strain 9C-PS T has a different ecology (a soil isolate), having a sheath through the length of the trichomes, trichomes that are strikingly constricted at the cross-walls with the constrictions being evident in all stages of growth in any phase, trichomes being particularly long, granular cellular contents, having perfectly curved ends of the terminal vegetative cells, terminal heterocytes being spherical with slightly elongated ends, and intercalary heterocytes being spherical in shape and no akinetes being observed. The form Nostoc linckia var. arvense is characterized by having an uneven surfaced thallus, numerous filaments, broad trichomes having envelopes frequently at their contours, spherical or barrelshaped vegetative cells, almost spherical heterocytes and spores in long chains [26] . Thus, ample characteristics for taxonomic distinction are available. Of course, all these differences/similarities may be phenotypically plastic, but because we examined this strain for >1 year we have confidence that we witnessed the extent of this possible variability.
Results of 16S rRNA gene sequence analysis revealed 91 % similarity with Nostoc piscinale CENA21. However, the 16S rRNA gene has its own limitations and has been found to be not sufficient for establishing identity at the species level [1] . For the rbcl gene the highest similarity was found to be 91 % with Nostoc sp. PCC 7524. rpoC1 gene sequence similarity was found to be highest with Nostoc piscinale CENA21, with the pairwise similarity being 94 %. Highest nifD gene sequence similarity was 99 % with Nostoc piscinale CENA21.
The rbcl gene is considered a phylogenetically informative marker by cyanobacterial researchers [12, 23, 25, [43] [44] [45] [46] [47] . In this analysis, strain 9C-PS T exhibited low rbcl gene sequence similarity (91 %) with Nostoc sp. PCC 7524. The phylogenetic tree clearly indicated that strain 9C-PS T was distantly placed even from Nostoc sp. PCC 7524 and even Nostoc piscinale CENA21. The phylogenetic distance evidently demonstrated that the novel strain was phylogenetically different from all closely related strains. The nifD gene was chosen as a marker as previous studies have indicated that its divergence is intermediary between that of the nifH and nifK genes [48, 49] . The nifD gene has also been used as a molecular marker for assessing cyanobacteria of both the unbranched heterocytous and the branched heterocytous forms [27] , and can be used as an additional marker for establishing new taxa (e.g. Scytonema bilaspurensis sensu Singh et al. [45] ). Levels of nifD gene sequence similarity were found to be relatively high, with the pairwise similarity being 99 % with Nostoc piscinale CENA21, but the phylogenetic placement clearly separated strain 9C-PS T from Nostoc piscinale CENA21.
16S-23S ITS evaluation revealed a separate and distinct folding pattern of strain 9C-PS T in comparison with all the closely related pertinent sequences, including comparisons with unbranched heterocytous members of the related genus Cylindrospermum. We could only find the D1-D1¢ helix and no BoxB or V3 helix in any of the sequences studied.
Strain 9C-PS T was found to be different from other Nostoc species in terms of both morphology and ecology. Furthermore, 16S rRNA, rbcl, rpoC1, nifD and ITS secondary structure folding patterns indicate a taxon new to science.
Our total evidence approach, employing 16S rRNA gene and 16S-23S ITS analyses, plus rbcl, rpoC1 and nifD gene sequencing, indicates that strain 9C-PS T indeed represents a novel species in the highly polyphyletic [23, 50] but unrevised genus Nostoc [8] . Overall, the phenotypic, genetic and phylogenetic observations indicate conclusively that strain 9C-PS T represents a novel species in the genus Nostoc for which the name Nostoc themotolerans sp. nov. is proposed.
Taxonomic description of Nostoc thermotolerans sp. nov. under the provisions of the International Code of Nomenclature for algae, fungi and plants Description: Macroscopic light blue-green mats in natural habitat; appear as soft textured entities as wild specimens, slightly mucilaginous, moist and slightly leathery in nature. Mats can be picked up and separated easily from each other. In culture, colonies start growing as light blue-green filaments with an irregular pattern of growth which is multidirectional and has a mat-like appearance. Colonies appear leathery and moist on plates. Filaments appear loosely packed and irregular, with occasional slight coiling. Sheaths are distinct, appearing throughout the trichome, with a slightly hyaline appearance, and are prominent at the ends of the trichome especially around the heterocytes. Older cultures grown in nitrogen-deficient medium (around 5 months) turn yellowish in liquid medium, but again turn green after inoculation into fresh nitrogen-deficient medium. Trichomes are usually long, consist of 31-152 cells and are highly constricted at the cross-walls, which are evident in all stages of growth. Cellular contents are typically granular. Vegetative cells are 3.63 Ecology of type locality: Samples were collected during an extremely hot and dry season. May is the hottest month in these parts of Central India, thus making sampling extremely difficult. Temperature at the time of collection was 43.20 C and the light intensity was 8800 lux. Days were very hot, and very intense dust-laden winds were a common feature in the afternoons. Humidity was as low as 32 %. The pH of the soil was 7.34 and EC was 1354 µS cm À1 .
Habitat: Soil-dwelling cyanobacteria which was found to be growing as a mat inside the crevices of a small hillock.
Iconotype: Fig. 7 .
Holotype: Cultures of Nostoc thermotolerans were deposited in the Microbial Culture Collection (MCC), National Centre for Cell Science (NCCS), Pune, India, as Nostoc sp. In MCC, the culture was again identified and authenticated based on 16S rRNA gene sequencing. After proper 
